Glycosaminoglycans (GAG) are known to participate in central nervous system processes such as development, cell migration, and neurite outgrowth, but little is known with respect to their regulation through soluble neurotrophic factors. In the present study, we have addressed this issue using cell culture models of three distinct cell populations derived from young rat retinas, namely, purified Müller glia, pigmented epithelium, and neurons respectively. Cultures were maintained in chemically defined media in the presence or absence of either basic fibroblast or epidermal growth factor. In control glial and epithelial cultures, hyaluronic acid dominated the soluble GAG pool, with lesser contributions from dermatan sulfate, chondroitin sulfate, and heparan sulfate (in decreasing order). Retinal neuronal GAG were almost exclusively chondroitin sulfate (∼90%). Treatment of glial and epithelial cultures with either factor led to dose-dependent increases in especially hyaluronic acid synthesis (a maximum 6-fold increase relative to control levels), with smaller but consistent changes in chondroitin sulfate. Similar treatment of retinal neurons did not lead to any changes in GAG synthesis. These data indicate that glia and pigment epithelia are the principal sources of GAG components in retina at least in vitro, and that endogenous neurotrophic growth factors can greatly modify GAG synthesis in these two retinal cell populations. Such data suggest that a delicate balance may exist between growth factor availability and glycoconjugate metabolism in vivo, participating in normal or pathological states of the retina.
Introduction
The current concept of the role of extracellular matrix (ECM) components in the development and maintenance of central nervous system (CNS) tissue has evolved from them playing a passive structural function to a much more dynamic participation in control of numerous physiological functions (reviewed in Reichardt and Tomaselli, 1991) . In addition to the glycoproteins present within the ECM, another heterogeneous group of molecules has received increasing attention. These are the proteoglycans (PG) consisting of protein cores to which are attached a variable number of glycosaminoglycan (GAG) side chains. It has become apparent that different forms of PG play important roles in CNS development and repair (Toole, 1976; Herndon and Lander, 1990) , exhibiting both stimulatory (HantazAmbroise et al., 1987; Iijima et al., 1991) or inhibitory (Snow et al., 1990; Oohira et al., 1991) influences on neurite outgrowth. A fundamental property of the heparan sulfate (HS) PG is their ability to bind potent neurotrophic growth factors such as basic fibroblast growth factor (bFGF) (Baird, 1994) and transforming growth factor-β, where they may act as important regulators of growth factor delivery to target cells (Ruoslahti and Yamaguchi, 1991; Schlessinger et al., 1995) .
The vertebrate retina derives from the CNS early in embryogenesis, and following a series of morphogenetic movements eventually forms a folded, laminated tissue bordering the back of the eye. The neural retina proper is closely apposed to the retinal pigmented epithelium (RPE), a monolayer intimately involved in controlling retinal development and turnover (Barnstable, 1990; Raymond and Jackson, 1995) . The neural retina itself is composed of relatively few glial and neuronal cell types: the former are formed principally by the Müller glia (RMG) and the latter by first order (photoreceptors), second order (horizontal, bipolar and amacrine cells), and third order (ganglion cells) neurons. Because of its experimental advantages, the retina has been a tissue of choice for studying CNS development and differentiation. Among the aspects studied, the crucial role of neurotrophic factors such as bFGF and epidermal growth factor (EGF) in controlling retinal cell fate, differentiation, phenotype, and survival has been well documented (Anchan et al., 1991; Hicks and Courtois, 1992; Steinberg, 1994; Heidinger et al., 1997) . Given the possibility of maintaining distinct retinal cell populations in defined monolayer culture conditions, we were interested in examining GAG metabolism in the absence and presence of exogenous neurotrophic factors. We show here that two non-neuronal elements of the retina, the RPE and RMG, constitute the major sources of retinal GAG, that the majority of this material is formed by nonsulfated hyaluronic acid (HA) but with large amounts of sulfated chondroitin sulfate (CS), and that their metabolism is drastically modified by growth factor treatment.
Results

Tissue culture models
Light microscopic and immunocytochemical observations of living and fixed cultures were used to monitor cell morphology and purity of each system. Primary cultures of rat RPE appeared as regular, polygonal cells with a flattened perimeter and prominent nucleus (Figure 1a ). These cells were devoid of melanin granules as they originated from albino rats. Based on their morphology and staining with anti-cytokeratin antibodies (unpublished observations), these cultures were >98% RPE. Second passaged cultures of RMG were composed of epithelioidlike or fusiform cells, and again based on immunocytochemical criteria these cultures were 95% pure, with minor contamination from microglia, vascular endothelium, and neurons (<1% each) (Figure 1b) . Primary cultures of retinal neurons (RN) were composed of isolated or small islands of rounded neurons interconnected with neuritic processes (Figure 1c) . As judged by immunolabeling using glial cell specific antibodies, flattened glial cells accounted for <10% total cell population, even following growth factor treatment (unpublished observations).
Addition of the mitogenic factors bFGF and EGF led to cell number increases in RMG cultures after 48 h: control cultures contained 6.5 × 10 6 cells, bFGF-treated cultures contained 9.3 × 10 6 cells, and EGF-treated cultures contained 11.2 × 10 6 cells/ 100 mm dish, or increases of approximately 40 and 70% following bFGF and EGF addition, respectively.
Glycosaminoglycan synthesis by control cell cultures
Analysis of [ 3 H]-glucosamine uptake into medium (secreted) and cell layer-associated compartments revealed that in both RPE and RMG cultures, the vast majority of total GAG synthetic activity (86-93%) was recovered in the medium (Table I) . Of this total secreted GAG content, HA alone represented 48% and 65% of the RMG and RPE pools respectively, while the sulfated GAG were composed mainly of DS (29 and 18%) and CS (19 and 14%) with low amounts of HS (4 and 3%) (Figure 2) . Of the small cell associated fraction, HA represented 15 and 45% of RMG and RPE GAG, respectively, while the various sulfated GAG contributed either similar (DS: 31 and 16%, and CS: 27 and 20%) or greater (HS: 27 and 19%) amounts (Figure 2) . Compared to the previously described two cell culture models, primary cultures of RN synthesized relatively small amounts of GAG, about a quarter as much (Table I) . However, this synthesis was approximately equally distributed between the medium and cell layer associated fractions. In both compartments, total GAG were present predominantly as CS (>90%) with only equal trace amounts of the other nonsulfated and sulfated species (Fig.2) .
Growth factor effects on glycosaminoglycan synthesis
Addition of either bFGF or EGF to the culture medium of RMG or RPE cells led to profound effects on GAG synthesis. Inclusion of increasing concentrations of bFGF or EGF to cultured RMG led to increased synthesis of total GAG, especially within the medium, with increases approaching a plateau of 150% at 10 nM EGF (Table I) . Synthetic activity was nearly two fold basal levels at the highest dose of bFGF used. Increases in the cell layer associated fraction were smaller for both growth factors. Single concentrations of either bFGF or EGF were tested on cultured RPE or RN. Again large increases were observed in RPE medium, with 1 nM EGF leading to similar effects as observed for RMG cells, and bFGF treatment producing dramatic 5-fold rises (Table I) . On the contrary, bFGF did not elicit significant changes in GAG metabolism within RN cultures, independent of the fraction analyzed. EGF was not tested on RN.
Stimulation of individual GAG classes varied according to the specific class, cell type and growth factor in question. Within RMG cultures, the most dramatic stimulation was observed in the HA content of the medium, increasing a maximum of 3-fold with addition of either factor ( Figures 3 and 4 , Table II ). This stimulation approached saturation at 10 nM with an ED 50 ∼200 pM, and for bFGF synthesis increased roughly exponentially between 30 and 3000 pM. Higher concentrations of bFGF were not tested. For the sulfated GAG, EGF was more potent than bFGF in stimulating synthesis. EFG-induced CS synthetic activity saturated at <1 nM within the secreted compartment with 2-fold rises. Basic FGF only affected CS synthesis at the highest dose used, 3 nM, the synthetic activity increasing by 100% (Figures 3 and 4 , Table II). DS was much less affected by bFGF or EGF treatment, showing maximal 30% increases (Figures 3 and 4 , Table II ). The trace levels of HS followed profiles similar to those of CS, being stimulated more readily by EGF than bFGF. Growth factor stimulation of radiolabel incorporation into the cell layer associated fraction was very small compared to the soluble fraction, around 1% of maximal incorporation compared to the latter, and changes were not considered as significant. HA increases were small, consistent with its soluble nature. For EGF there were slight effects on all the GAG It can be seen that HA is the major GAG in RMG and RPE media, but a smaller proportion in cell-associated fractions. CS and DS are present in moderate amounts in all fractions, whereas HS is mostly restricted to the cell-associated pool. RN contains almost entirely CS in both compartments. It should be noted that total cell layer associated GAG content was 10-20 times less than in the media. species within the cell layer associated compartment, with maximal increases of 50-100%, while bFGF did not affect any activity (unpublished observations).
For RPE cells, addition of single doses of 1 nM EGF or 0.6nM bFGF led to three and 5-fold increases respectively in HA levels within the medium ( Figure 5 , Table III ; a maximum of 12-fold relative to control levels for bFGF in one experiment). As for RMG cells, EGF was more effective than bFGF in stimulating synthesis of sulfated GAG, increasing levels by 350%, 300%, and 200% for CS, HS, and DS, respectively ( Figure 5a , Table III ). Basic FGF stimulated only CS production (150%). In contrast to these pronounced effects on the medium, there were only minimal changes in the majority of GAG located within the cell layer associated fraction. HA seemed to remain more tightly cell associated than for RMG, and was enhanced by EGF (Table III) . As observed above, bFGF did not significantly stimulate activities of any GAG in RN cultures ( Figure 6 , Table III ). In all cases, GAG quantification was adjusted for cellular protein levels to compensate for bFGF-and EGF-induced proliferation. Although total radiolabel incorporation varied by 2-to 3-fold between different experiments, relative values of GAG synthesis by the different cell types and with the different growth factors were very reproducible.
Comparison of glucosamine and sulfate incorporation
In one series of experiments, incorporation of simultaneously added glucosamine and sulfate into RMG cultures under control and EGF-treated conditions was examined. As before, the great majority of radiolabel was recovered from the medium, for both precursors: 94% of sulfated GAG in both cases. Sulfate was not taken up by nonsulfated HA, but in terms of glucosamine incorporation this GAG was again the dominant species (40% of total GAG). Addition of 0.75 nM EGF led to large increases in glucosamine levels in HA (∼200% increase), and as expected no detectable sulfate (Table IV ). The uptake of 3 H-glucosamine and 35 S into total sulfated GAG was stimulated only slightly by EGF in both soluble and insoluble fractions. However, when individual GAG classes were analyzed a reproducible increase in radiolabel incorporation into both medium and cell layer associated CS (28-53% increase depending on the treatment; Table IV) but not into HS or DS was observed. 
Pertubation of glycosaminoglycan metabolism and RMG migration
Cultured RMG cells under control conditions, or those treated with buffer alone, grew back into tracks denuded by scraping at an approximately equal rate over the 3 day period examined. Pretreatment of control cultures with testicular hyaluronidase increased such movement, leading to more rapid closure of the wound track. Prior boiling of testicular hyaluronidase abolished the effects on glial migration. In contrast, addition of Streptomyces hyaluronidase to RMG did not affect their migration. Treatment with chondroitinase AC slightly increased the rate of migration of RMG, but the difference was not significant. Treatment with HA or CS alone had no effect upon migration (Figure 7 ).
Discussion
The present study demonstrates that different mammalian retinal cell types in vitro synthesize different types of glycosaminoglycan (GAG), which were predominantly nonsulfated hyaluronic acid (HA) in the soluble fractions of retinal Müller glia and pigmented epithelium (RMG and RPE respectively), and almost entirely chondroitin sulfate (CS) in enriched retinal neuronal (RN) cultures. Addition of either of two polypeptide neurotrophic factors, basic fibroblast and epidermal growth factor (bFGF and EGF, respectively) led to a large stimulation in GAG synthesis by RMG and RPE cells, especially in HA. There was also a reproducible increase in CS but not HS or DS among the sulfated GAG species. In functional assays, only treatment with testicular hyaluronidase modified significantly glial movement. HA was initially thought to simply provide an environment propitious for cellular migration through modifying the hydration state of the extracellular matrix (ECM). Indeed, its levels in the CNS decrease as maturation proceeds, correlating with the decrease in cell movement observed at the end of embryogenesis (Margolis et al., 1975; Toole, 1976; Normand et al., 1985) . However, the recent discovery of HA-binding proteins and receptors within distinct regions of the developing and adult central nervous system (CNS) (Jaworski et al., 1994 (Jaworski et al., , 1995 , and the functional consequences of perturbing HA regulation on neurite outgrowth (Nagy et al., 1995) , has led to the belief that they have a more direct role in CNS growth. Within the eye, both the vitreous and the interphotoreceptor matrix (IPM) are reported to contain HA (Meyer and Palmer, 1934; Edwards, 1982; Kaneko, 1987; Hageman and Johnson, 1990) , and in the vitreous this GAG is though to be important in maintaining viscoelastic properties (Meyer and Palmer, 1934) . RPE have been shown to constitute a major source of CS production in vivo (Tawara et al., 1989) , and so represent the main site of subretinal GAG synthesis, whereas RMG may secrete GAG through their endfeet into the vitreous. In the present study, the recovery of most HA activity in the medium of RPE and RMG cell cultures implies it would be secreted principally by these cell types into the appropriate extracellular compartments in vivo, the IPM, choroid and vitreous. RPE show the most HA-dominated profile (∼70% total GAG), indicating that this GAG may have important functions in retinal metabolism. The presence of CD44 or Hermes antigen, one of a family of HA-binding proteins (Aruffo et al., 1990) , on the apical processes of RMG present within the IPM in vivo (Chaitin et al., 1994 ) and on RMG cell bodies during development (Chaitin et al., 1996) indicate that these cells may constitute a target for this molecule. . Growth factor stimulation of GAG synthesis within the secreted fraction of RPE cells. The major effect of both EGF and bFGF is to stimulate HA production, by 4-and 6-fold control levels, respectively. EGF also leads to rises in sulfated GAG levels, and bFGF stimulates CS alone. The different culture models expressed different GAG profiles: RPE were dominated by HA with lesser amounts of CS and DS and trace amounts of HS; RMG showed moderate levels of HA, CS, and DS and again only trace amounts of HS; and RN were very different with virtually nothing but CS. These data contrast with those reported previously for chicken RMG (Threlkeld et al., 1989) and RN (Needham et al., 1988) in vitro, in which HS was the major GAG recovered. However, such differences between Fig. 7 . Specific modification of RMG migration by testicular hyaluronidase. RMG movement into a denuded track was measured every 24 h over the space of 72 h, and the histogram represents the distance separating the track borders at 0 (first bar in each series), 24 (second bar in each series), 48 (third bar in each series), and 72 h (fourth bar in each series). Original track width is defined as 100%. Testicular hyaluronidase accelerated cell migration relative to control cultures or those containing buffer alone, and this effect was abolished by prior boiling of the enzyme. However, Streptomyces hyaluronidase had no effect, and chondroitinase AC a slight effect, indicating that it is actually accessory digestion of CS by the testicular enzyme which is responsible for the increased migration. Addition of GAG alone did not modify the response. Abbreviations: H'ase Test, testicular hyaluronidase; H'ase T 100, Pre-boiled testicular hyaluronidase; H'ase Strep, Streptomyces hyaluronidase; C'ase AC, chondroitinase AC. Other abbreviations as in text.
mammalian and avian species have been described for other systems. Previous studies on sulfated GAG production by cultured feline RPE also differ from our data in describing HS as the major species (Stramm et al., 1989) . Our data resemble more those obtained for human RPE, although in these cultures there was much less HA (Edwards, 1982) . Part of the reasons for these differences may be attributed to the different analytical techniques employed in these other studies, such as use of radiolabeled sulfate only, differing identification and recuperation of fractions, sampling at relatively late times, and use of different species and culture methods. Although by our assay techniques HS form only a minor fraction of newly synthesized GAG, they probably play an important role in retinal cellular physiology through their ability to participate in neuronal adhesion (Hantaz-Ambroise et al., 1987; Riopelle and Dow, 1990 ) and the heparin-binding growth factor signaling pathway (Schlessinger et al., 1995) . CS production by mammalian retina and photoreceptor cells (of which our RN cultures contain ∼40%, unpublished observations) has also been reported previously (Landers and Hollyfield, 1992) , and this GAG is a major structural and functional component of the insoluble cone matrix sheath Johnson, 1987, 1990) .
To investigate the possible roles of GAG in retinal cell behavior more directly, we examined the effects of altered GAG metabolism on glial migration. Addition of exogenous HA or CS did not modify RMG migration (which is understandable given the high intrinsic content in the cultures). Digestion of HA by testicular hyaluronidase led to an acceleration in cell migration. However, no effect was observed when experiments were repeated using hyaluronidase purified from Streptomyces. As testicular hyuronidase is less specific than the latter form, being contaminated with other glycolytic enzymes including chondroitinases, this indicates it may be digestion of CS (or other enzyme activities) which perturb cell migration.
A number of reports have demonstrated modulation of GAG metabolism by growth factors, especially transforming growth factor-β (e.g., Bassols and Massagué, 1988; Bachem et al., 1989; D'Angelo and Green, 1991) and also bFGF (Munaim et al., 1991) . We chose to examine bFGF and EGF in the present study as much data are available on the biological effects they exert on retinal cells (Anchan et al., 1991; Hicks et al., 1991 , for review on FGF; Heidinger et al., 1997) . They both stimulate greatly HA synthesis in RMG and RPE cells in vitro. This is not due simply to their mitogenic effects, as values were corrected for increased protein levels, and in addition RPE which proliferate more slowly than RMG cells actually synthesize more HA. The lack of HA in RN cultures further indicates the relative purity of this cell preparation, as significant glial contamination would have been revealed by HA synthesis. Interestingly, there is also consistent stimulation of synthesis of CS but not DS. This is remarkable given the similarity of the two biosynthetic pathways, and further indicates that such growth factor influences are not generalized cell responses but rather modifications of specific metabolic activities. In addition, although their effects are largely similar there are certain differences between EGF and bFGF, such as the broader range of EGF and its pronounced stimulation of DS in RPE cells. As we have shown that these two growth factors also stimulate differentially key aspects of glycolipid synthesis in RMG in vitro , one general means by which bFGF and EGF may regulate processes such as cell migration, neuronal process outgrowth, and differentiation (Wagner, 1991; Mazzoni and Kenigsberg, 1992; Baird, 1994) could be through modulating glycoconjugate metabolism.
In conclusion, we have demonstrated that defined in vitro cell populations derived from mammalian retina elaborate distinct GAG, and that these activities can be modulated by growth factors known to be synthesized by in vivo retina. As we have analyzed uniquely the GAG chains, it will be of interest to identify the different PG to which these polysaccharide moieties are attached. Indeed it is possible that growth factor-induced changes in specific PG would have been masked by the general pool. Furthermore, cultured RMG should provide a good model for studying cell signaling events triggered by HA receptor activation in neural cells.
Materials and methods
Reagents
Tissue culture media and supplements were purchased from Gibco Life Sciences, except where indicated. Tissue culture plates were purchased from Costar. Enzymes for GAG digestion were from Sigma.
Tissue culture
RMG cells were isolated and cultured according to previously published methods (Hicks and Courtois, 1990) . Briefly, eyeballs from one litter (about 10 individuals) of 7-10 day old Wistar rats were removed immediately following anesthesia and decerebration and soaked overnight in Dulbecco's Modified Eagle's Medium (DMEM). The following morning globes were incubated in DMEM containing trypsin (Difco 1:250, 1 mg/ml) and collagenase (type CS-1, Worthington, 20 U/ml) for 1 h at 37_C, and dissected under an operating microscope in DMEM containing 10% fetal calf serum (FCS) (DMEM/10% FCS). The neural retina and RPE were dissected separately from the posterior eye cup and lens, the former being chopped into small fragments and plated in DMEM/10% FCS in 100 mm petri dishes (contents of ∼8 retinas per dish). Over the following 4-5 days in vitro, numerous flat cells migrated from the fragments onto the substrate, and at this stage retinal fragments were removed by vigorous washing with DMEM. Cells were refed with fresh DMEM/10% FCS, and grown to confluence. These flat cells, previously identified by immunocytochemical criteria as RMG (Hicks and Courtois, 1990) , were used at the second-passage. Cells were subcultured by rinsing twice in phosphate-buffered calcium-free saline (PBS) followed by addition of 1-2 ml 0.05% trypsin in PBS containing 0.1 mM EDTA. Cells rapidly detached from the surface following swirling at which time excess DMEM/10% FCS was added and the suspension collected and centrifuged at low speed. Viability was determined by trypan blue exclusion, and was routinely >98%. RMG were reseeded in DMEM/10% FCS into either 100mm dishes for GAG analyses, or 6 × 35 mm plates for migration studies, at an initial plating density of 10 4 cells/cm 2 .
RPE cultures were prepared as previously described for pigmented rats (Edwards, 1981; Malecaze et al., 1993) . Care was taken to cleanly separate the transparent RPE sheets from the surrounding neural retina and posterior eyecup. They were collected and washed twice in PBS, digested briefly in 0.05% trypsin (1 min) and triturated gently to obtain a dispersed cell suspension. An equal volume of DMEM/10% FCS was added, the cells sedimented at low speed and resuspended in fresh DMEM/10% FCS. Viability was determined by trypan blue exclusion, and was routinely >95%. Cells were seeded in the same medium into 60 mm tissue culture dishes (contents of eight eyes per dish). Upon reaching confluence the RPE cells were subcultured as outlined above into 100 mm dishes, and were used at a single passage upon growing to confluence.
For cultures enriched in retinal neurons (RN), retinas were isolated from 4 day old Wistar rats and processed as described previously (Hicks and Courtois, 1992; Heidinger et al., 1997) . Following enzymatic digestion (0.05% trypsin in PBS/EDTA for 25 min at 37_C) cells were gently triturated to obtain a fully dissociated suspension and were seeded at a density of 10 5 /cm 2 into polylysine precoated 100 mm culture dishes in DMEM/10% FCS. After 15 h in serum-supplemented DMEM to allow cell attachment, cells were gently rinsed twice in serum-free DMEM and the medium replaced by CDM as above supplemented with 10 µM cytosine arabinoside. Cultures were allowed to develop for 4 days in vitro prior to growth factor addition.
Growth factors
Newly confluent RMG and RPE cultures were washed twice in serum-free DMEM and refed with chemically defined medium (CDM) (DMEM supplemented with insulin-transferrin-selenium pre-mix, 40 nM progesterone, 200 µM putrescine, 1 mM pyruvate, 10 µg/ml penicillin/streptomycin) containing either recombinant human bFGF (Pharma Biotechnology, Hannover, Germany) (30-3000 pM) or EGF (tissue culture grade, Upstate Biotechnology Inc., Lake Placid, NY) (5-5000 pM). Simultaneously to growth factor addition, [ 3 H]-glucosamine, 2 µCi/ml (ICN Pharmaceuticals Inc., Costa Mesa, CA), was also included in the culture medium. In a separate series of experiments, [ 3 H]-glucosamine (10 µCi/ml) and Na 2 [ 35 S]O 4 (20 µCi/ml) (ICN Pharmaceuticals Inc., Costa Mesa, CA) were added together at the same time as 0.75 nM EGF. After 48 h, the different cultures were harvested as described below. Cultured RN were treated with growth factors for the final 48 h of the in vitro period. Aliquots of bFGF and EGF were stored at -80_C at 1 µg/ml in DMEM/0.1% bovine serum albumin, and their activity was checked by stimulation of incorporation of [ 3 H]-thymidine into target cells (data not shown).
Glycosaminoglycan analysis
Following growth factor and radiolabeled glucosamine or sulfate incubation, the culture medium was carefully decanted off and pooled from each experimental series (defined as "medium" for all further analyses). Cells were washed three times in PBS, and following the final wash the adherent cells were scraped with a rubber policeman, suspended in ∼2 ml PBS, pooled, and centrifuged at low speed. Aliquots of this fraction (defined as the "cell layer associated" fraction for all further analyses) were taken for determination of protein content (Lowry et al., 1951) . The fractions were then treated separately for determination of radioactive content into the different GAG ( 3 H-glucosamine being incorporated into both sulfated and nonsulfated GAG, and 35 SO 4 being incorporated only into sulfated GAG). They were initially digested with pronase, 0.25 mg/ml for 48 h at 37_C, and then 2 M NaOH was added to a final concentration of 0.1 M and the preparations left overnight. Residual undigested peptides were precipitated by adding 100% trichloroacetic acid to a final concentration of 6% (w/v). Following centrifugation at 3000 × g for 30 min the supernatants were extensively dialyzed against dd.H 2 O and concentrated by lyophilization. Labeled total GAG together with added cold GAG as carrier were precipitated by adding three volumes of ethanol containing 1.3% potassium acetate, and samples were stored overnight at -20_C. Precipitates were centrifuged at 3000 × g for 45 min and redissolved in dd.H 2 O.
Putative GAG-containing material was digested with the following enzymes. Samples were suspended in buffer (0.05 M sodium acetate, 0.15 M NaCl, pH 5.0), hyaluronidase (isolated from Streptomyces hyaluroticus, specific activity 500 U/mg) was added to a concentration of 75 U/ml, and samples were incubated at 37_C for 16 h (Ohya and Kaneko, 1970) . Ethanolic potassium acetate (1.3%, as above) was added and the fractions left overnight at -20_C, and then centrifuged as before and the supernatant recovered. Radioactivity within the supernatant was determined by counting in a scintillation counter, and taken as the content in HA. The pellet was resuspended in 800 µl dd.H 2 O, NaNO 2 (100µl) and glacial acetic acid (100 µl) being then added for 90 min at room temperature (Lindahl et al., 1973; Endo and Yosisawa, 1979) . Samples were precipitated overnight in cold ethanolic potassium acetate as indicated above and centrifuged, and the supernatant was recovered. The radioactive content of the supernatant was taken as the amount of HS. The pellet was redissolved in dd.H 2 O and equilibrated in buffer (50 mM Tris-HCl, 50 mM sodium acetate, BSA 0.5 mg/ml) containing chondroitinase AC (0.1 U/ml, buffer pH adjusted to 7.3; Saito et al., 1968) . Digestion was performed at 37_C for 4 h, after which the samples were boiled for 6 min and precipitated overnight in cold ethanolic potassium acetate as indicated above, centrifuged and the supernatant recovered. Radioactivity within the supernatant was taken as the amount of CS. The pellet was redissolved in the same buffer, this time containing chondroitinase ABC (0.1 U/ml, buffer pH adjusted to 8.0), and subjected to the same treatments of digestion, boiling, and precipitation. This final radioactive measure was taken as the content of DS (iduronate-rich domains only).
Results presented for RMG are from three independent experiments using 20-30 × 100 mm dishes of confluent cells for each experiment, for RPE from three independent experiments using 5-6 × 100 mm dishes for each experiment, and for RN from two independent experiments using 15 × 100 mm dishes for each experiment.
RMG migration
Confluent cultures of second passaged RMG cells in 6 x 35 mm tissue culture plates were refed with 1.2 ml CDM to which was added 300 µl of PBS containing 0.5 mg/ml bovine serum albumin, either alone or containing the different enzymes to be tested: hyaluronidase type IV-S (from bovine testes, specific activity 750-1500 U/mg), 30 U/ml final concentration; hyaluronidase type IV-S boiled at 100_C for 5 min prior to addition; hyaluronidase lyase (from Streptomyces hyaluroticus, specific activity 500 U/mg), 75 U/ml final concentration; chondroitinase AC (isolated from Flavobacterium heparinum), 0.2 U/ml; or purified GAG (HA from human umbilical cord, and CS A from porcine rib cartilage and CS C from shark cartilage). Initial studies revealed that the usual buffer conditions for optimal hyaluronidase activity (pH 5.0) were toxic for cells, so subsequent experiments were performed in the culture medium at pH ∼6.8. The cells were scrape wounded using a trimmed cell scraper, and the average distance between the two wound edges, inversely proportional to the rate of migration, was measured at 0, 24, 48, and 72 h using a calibrated graticule inserted into the inverse microscope eyepiece. The distance at 0 h was standardized to 100% in each experimental series, and all subsequent measures expressed as percentages relative to the initial track width. Mean migration distances were calculated from three independent experiments, measuring three different wells using 10 individual tracings per treatment (Meuillet et al., 1996) . In all cases SD values were equal or inferior to 10% of the mean.
